[1] To date there is no direct evidence of the distribution or characteristics of organic compounds in individual particles because techniques for chemically identifying organic compounds are not sufficiently sensitive to detect molecules or functional groups with masses below 10 À15 g [Husar and Shu, 1975] . Here we present detailed maps of organic groups (aromatic, alkyl, ketonic carbonyl and carboxylic carbonyl groups) and inorganic ions ( potassium, carbonate, calcium) in individual dry particles with diameters ranging from 0.2 to 10 mm using a new technique for aerosol characterization by soft X-ray spectromicroscopy at atmospheric pressure. The maps show both the compounds present in individual particles and regions of different compositions within particles. The particle compositions on surfaces are enhanced in shorter chain or more oxygenated groups, providing the first observations of surface active carboxylic acids in organic coatings in atmospheric particles.
Introduction
[2] Experimental evidence and modeling studies show that atmospheric aerosol may play critical roles in changing climate, reducing visibility, and aggravating health [National Research Council, 1996] . Their importance is controlled largely by the amount of water taken up in the humid atmosphere and by the subsequent scattering of incident light. The composition and structure of atmospheric particles determine scattering characteristics and chemical reactivity, with the organic fraction of particles being especially important in determining the rate and quantity of water taken up [Chuang et al., 1997; Cruz and Pandis, 1998 ]. Incorporating detailed chemical equilibria for inorganic pollutants such as nitrate species changes the water uptake by particles in the industrialized northern hemisphere, resulting in up to a factor-of-two difference in the predicted aerosol impact [Adams et al., 2001] . Exposed surfaces of individual phases within particles catalyze heterogeneous reactions, serving as oxidizing agents for vapor-phase sulfur, nitrogen and carbon compounds [Grassian, 2001] . Identifying the character of these organic compounds in order to predict these chemical and optical properties for individual particles is limited by the detection limits of chemically-specific techniques as well as by our ability to collect and preserve particles in the state in which they exist in the atmosphere [Gill et al., 1983] .
[3] Organic characteristics on surface and interior regions change particle scattering, since they describe particles containing two different organic compounds or mixtures with potentially very different optical properties. Particles in the small end of the measured size range (0.2 to 1.0 mm diameter) account for the majority of cloud condensation nuclei number concentrations. Larger particles (0.5 to 2.0 mm diameter) are the most optically efficient, dominating the direct effect of aerosol light scattering. Our measurements characterize particles in these size ranges with detailed composition maps, showing organic coatings of carboxylic acids surrounding particles containing ketones and inorganic ions.
Method
[4] Airborne particles were collected for analysis by impaction onto Si 3 N 4 windows, providing a transparent substrate for soft X-ray spectromicroscopy to detect absorbances for organic and inorganic groups. While thickness effects preclude conversion of the measured absorbances to moles of bonds, the absorbances themselves and their ratios provide important insights to particle composition and morphology. The NCAR Community Aerosol Inlet [Blomquist et al., 2001 ] was used to collect particles as large as 5 mm aerodynamic diameter at the C-130 aircraft velocity of 100 m s
À1
. The air was brought from the inlet to a multisample impactor without a pre-cut (PIXE International Corporation, Tallahassee, FL) by aluminum and copper tubing shortened for minimum submicron particle losses. Windows (0.1 mm-thick Si 3 N 4 ) were washed with three drops Milli-Q water and air dried in clean conditions, then mounted on the substrate frame, with the 0.65-mm diameter inlet nozzle adjusted to maximize particle collection at 3 mm from the window for 1 L min À1 flow rate while avoiding film breaking.
[5] Spectromicroscopy studies at the C K-, K L-, and Ca L-absorption edges were conducted using a Scanning Transmission X-ray Microscope at the Advanced Light Source (Beamline 7.0.1), Lawrence Berkeley National Laboratory (Berkeley, CA, USA). Aerosol particles collected on silicon nitride windows were placed in a He-filled sample chamber maintained at 1 atm; X-ray transmission of individual aerosol particles was measured as a function of incident photon energies, typically 275-305 eV (C and K), and 340-355 eV (Ca). Point XANES (X-ray Absorption Near Edge Structure) spectra were collected to verify the absorption spectra obtained from the image stacks. The step size of the energies was 0.2 eV close to the absorption edge, and 0.5 eV above and below the absorption edges with dwell times of 1 -3 ms. A 380 lines mm À1 grating and a slit width of 30 by 30 mm were used for imaging and spectral collection.
[6] At the carbon edge, alkyl, ketonic carbonyl, carboxylic carbonyl, and alkene groups were identified. These groups are abbreviated hereafter as R(CH n )R 0 , R(C=O)R, R(C=O)OH and R(C=C)R 0 , respectively (with R representing any alkyl chain, R 0 representing H or any alkyl chain, and n=0, 1, or 2). The particles contained complex mixtures, so that here the term alkyl represents any C-H bond, as absorbance regions for methyl, methylene, and other alkyl-related groups overlap too much to be distinguished. R(C=O)R measured in these samples overlapped the adjacent R(CH n )R 0 absorbance peak forming a shoulder, showing a characteristic absorbance differing from ketones identified to date (probably due to interference from additional groups on the molecule), so that R(C=O)R is used to represent ketone and ketone-like compounds [Myneni et al., 1999; Warwick et al., 1998; Stöhr, 1992] . R(C=C)R 0 may also indicate aromatic groups, as the exact bond type cannot be distinguished. One additional group is evident in Figures 1b -1d at 289.5, characteristic of a s* transition for CNH in an amide-like group connected to a carbon [Stöhr, 1992] .
[7] Images spanning 100 mm 2 were scanned sequentially at up to 220 energy levels to form stacks of images. These image sequences were aligned digitally after processing to account for minor movements during the 4-hr energy scan [Hitchcock et al., 2000] . Each image stack contained up to 20 particles larger than 0.2 mm diameter, each characterized by spectra averaged over four or more 0.008 mm 2 pixels. Spectra were integrated over the characteristic absorption peak energies for each chemical component to produce particle maps, corrected for baseline energy drift and filtered to remove background noise. Figures 1g and  1k indicate the presence of multiple carbon-carbon bonds, either in unsaturated organic compounds or in graphitic carbon. The measured supermicron particles in the sea salt samples are complex and inhomogeneous. Subparticle features on submicron particles cannot be resolved to the same extent as such features are smaller than the detectable area. These nonuniform regions of inorganic and organic material probably represent composites of heterogeneous sources such as soils, combustion products, and secondary organic particles.
Aerosol Composition
[10] Figure 2 shows scatter plots illustrating the correlations at each pixel in the sample range between R(C=O)R and R(CH n )R 0 absorbances and between R(C=O)OH and R(CH n )R 0 absorbances. Each point in 2(a, e) indicates the approximate intensity at a specific pixel in which both functional groups are found, with the magnitude of the intensity dominated by the mass (and thickness) present and the trend lines indicating a constant ratio or range of ratios. The ratios are proportional to composition ratios not measured spectral intensity. While the scatter in the diagram results both from image noise and from variations in composition, the average trends in the ratios are characteristic of the groups on molecules and the mixtures of molecules present in each region. Deconvoluting molecular from mixture composition requires additional speciation that currently is impossible on the single particle scale, although the higher ratios indicate more oxygenated groups per alkyl group. R(C=O)OH-to-R(CH n )R 0 data lie above an absorbance ratio of 0.5, meaning that on average these compounds were either highly oxygenated or shorter carbon chain molecules (relative to molecules or mixtures found below the ratio). A similar lower limit for the R(C=O)R-to-R(CH n )R 0 ratio is also evident at 0.5. Short carbon chain molecules are consistent with existing studies of organic compounds associated with sea salt [Kawamura and Gagosian, 1990] . The alternative conclusion that longer chain molecules (if present) must be highly oxygenated is also consistent with the large fractions of dissolved organic compounds (DOC) that are present in seawater [Ming and Russell, 2001] .
[11] Representative sections of the marine particle were mapped in Figures 2b, 2c , 2d, and 2f with contour ratios of R(C=O)R and R(C=O)OH referenced to R(CH n )R 0 . The higher ratios of carbonyl groups to alkyl groups are found on the surface for carboxylic groups but in the interior for ketonic groups. While this X-ray spectroscopic analysis (dry in He) does not show particle structure in humid conditions, this atmospheric pressure measurement will retain some semi-volatile compounds that may evaporate during electron microscopy in vacuum, including species forming organic films (such as oxalic acid). Since the spectra are taken in dry conditions, those particles that were originally dissolved in liquid water may have coated an aqueous droplet at the air/water interface or a non-aqueous phase liquid at the organic/water interface.
[12] The mapped ratios shown in Figure 3 provide clear boundaries between ketone-like compounds and carboxylic acids in atmospheric particles, both of which contain polar double-bonded oxygen (carbonyl) located on an internal carbon (ketonic) or a terminal carbon (carboxylic). The carboxylic acids are more polar and more surface active as they contain both a double-bonded oxygen and a single-bonded oxygen (alcohol). The surface behavior is characterized by the lower surface tensions of short-chain surfactant liquids at 298 K [Reid et al., 1987] . The segregation of these more strongly polar carboxylic acids to the particle surface may be both cause and effect: Figure 2 . Scatter plots, ratio maps, and representative spectra for R(C=O)OH plotted against R(CH n )R 0 and R(C=O)R plotted against R(CH n )R 0 for marine boundary layer particle sample in Figures 1e and 1f . Scatter plots (a,e) with ticks representing average spectral intensities of 0.1 and guidelines (gray) compare (a) R(C=O)OH-to-R(CH n )R 0 and (e) R(C=O)R-to-R(CH n )R 0 for individual pixels in particles from Figures 1a, 1e, and 1i, as blue squares, magenta triangles, and green circles, respectively. Ratio maps show the absorbance ratio of (b) R(C=O)OH-to-R(CH n )R 0 for 0.6-2 (pink), 2 -60 ( purple), and >60 (blue), and (f ) R(C=O)R-to-R(CH n )R 0 for 0.06 -2 (yellow), 2 -6 (green), and >6 (cyan). Magnified ratio maps (c) and (d) illustrate coatings on parts of three 1-mm particles from (b) and (f ), respectively. Representative spectra (g) are averages of (i) the central region (black spectrum) of the top particle and of (ii) the edge (gray spectrum). R(C=O)OH is frequently found in surfactants making them likely to coat the surface, and terminal carbons may be sterically favored for oxidation by surface reactions. In contrast, the ketonic compounds are more likely to be soluble in aqueous solutions with inorganic ions.
[13] The dust sample in Figure 3 shows only a few large particles, with the largest approximately 3 mm by 10 mm containing Ca 2+ , CO 3 2À , R(C=O)OH, and R(C=O)R. This particle has a shell-like structure that could be CaCO 3 in aragonite form embedded in organic membranes or alternatively a calcium-organic precipitate. The composition of this particle is unique in its strong correlation between R(C=O)OH and CO 3 2À in individual pixels, with the maps and scatter plots of these relative abundances as well as of R(C=O)OH relative to R(C=O)R shown in Figure 3d .
Discussion
[14] These results show that particles collected in marine conditions in the Caribbean contained complex mixtures of R(C=O)R, R(CH n )R 0 , and R(C=O)OH, revealing heterogeneous phases in maps of the dried particles. Organic coatings covered many of the organic clumps found in 0.3-1.0 mm dry diameter particles with enhanced concentrations of R(C=O)OH. Organic compounds were not limited to surface coatings, although the particle interiors were enhanced in R(C=O)R rather than R(C=O)OH.
[15] This varied organic composition within individual particles illustrates a diverse character of the organic fraction that is inconsistent with known collection related artifacts. This result is consistent with shorter or more oxygenated carboxylic carbonyl compounds that are active at the surface as well as with oxidation of external organic compounds by heterogeneous reactions. Coatings on organic phases within particles provide direct evidence for surface active compounds that may serve to coat aqueous particles in humid conditions. The detailed structure obtained by this method will have different optical properties, hygroscopic behavior, and surface chemistry than the simpler compositions assumed by global and regional models to date. Our measurements provide evidence of coated structures within dry atmospheric particles, which may affect condensation and evaporation of semivolatile vapors including water.
